Polymorphism at six microsatellite loci was used to study genetic variability and population structure in six geographically distant natural populations of European hake ( Merluccius merluccius L.). 
Introduction
The scale of marine fish dispersal is frequently vastly greater than that of most terrestrial and freshwater organisms (Avise 1998 ). Although ocean current patterns, sea floor topology and thermal gradients may provide some opportunity for separation of populations, for the most part, the marine environment appears to lack obvious barriers to migration and dispersal. Consequently, the high dispersive capabilities of marine organisms have often been found to be associated with small genetic divergence over vast areas (Ward et al . 1994; Graves 1998; Waples 1998) . This is particularly true of species with high fecundity or very large population sizes, in addition to long-distance dispersal potential of eggs, larvae or adults (Palumbi 1994) .
On the other hand, examples have been found where the high dispersive capabilities of a marine organism do not necessarily translate into high levels of realized gene flow. Population structure often does exist in such species (Palumbi 1994; Hoelzel 1998; Waples 1998) and in these cases the evolutionary and ecological processes responsible nearly always have direct relevance to any management plans for exploited species involved (Avise 1998) . By identifying genetically meaningful units, the management of economically important marine species can be improved by targeting individual units, or stocks with definable levels of recruitment and mortality.
Molecular genetic approaches to stock structure questions began to be used in fisheries in the 1950s with blood group variants, primarily in tunas, salmonids and cod (Ligney 1969) . These techniques were later abandoned in favour of protein electrophoretic studies which proved particularly successful in detecting population structure in freshwater and anadromous fish (Utter 1991) . Despite some success, this technique generally proved to be less discriminatory when applied to marine species (Utter 1991) . In this environment, as well as the apparent lack of physical barriers to gene flow, it does not seem that natal homing to distinct spawning grounds occurs to the same extent as in anadromous fishes. Many marine fish have very large spawning aggregations, indeed so large that genetic drift plays a minimal role in affecting allele frequencies. Additionally the extent of gene flow among marine organisms, even across intercontinental distances, often balances the forces of differentiation (Lessios et al . 1998) .
Since the 1980s, methods enabling the analysis of DNA have become available, in particular, variation in the mitochondrial DNA genome (mtDNA) has been used to study population structure. It has been hoped that because of the unique attributes of mtDNA, this class of marker would prove to be more discriminatory where population structure on a small geographical scale exists (Ovenden 1990) . While this has been correct in some cases (e.g. Stanley et al . 1996; Seeb 1998) , in others no fine-scale structure has been found with mtDNA where other more variable markers were more revealing of genetic differentiation between adjacent putative populations .
The development of highly variable, codominant microsatellite DNA markers has proved to be an invaluable tool for studying fine-scale genetic differences (e.g. van Oppen et al . 1997a ) and may prove useful where these are due to slight departures from panmixia in a marine environment.
The European hake ( Merluccius merluccius ) is widely distributed in the northeast Atlantic and Mediterranean Sea. The range of this species extends from approximately 21 ° N off the coast of Mauritania to 62 ° N off the west coast of Norway and eastwards into the Mediterranean Sea (Anonymous 1977) . The species is fished commercially throughout its range and is the most important demersal species fished in western Europe, it commands a high price on the European fish markets where it is sold almost exclusively for human consumption.
Despite its economic importance, little is known of hake population structure. For assessment purposes, the International Council for the Exploration of the Seas (ICES) considers that two stocks exist in the Atlantic. A northern stock, incorporating all hake in the northern Bay of Biscay, Celtic Sea and all waters west of the British Isles round to western Norway, and a southern stock, including hake in the southern waters of the Bay of Biscay and around the Iberian peninsula. This segregation of stocks is based on two main criteria. First, the existence of a supposed hydrographic barrier, the Cape Breton Canyon, which separates French and Spanish waters. Second, the behaviour and distribution of spawning adults and the dispersal of the juvenile stages suggests two stocks (Casey & Pereiro 1995; Bartsch et al . 1996) . More recently declines in the southern catches per unit effort and simultaneous increases in the northern catches, support this segregation (Casey & Pereiro 1995) .
European hake in the Mediterranean Sea are managed independently from Atlantic hake. The Gibraltar Strait is seen as an effective barrier to dispersal between the two stocks and this assumption of discreet stocks has been supported by both morphological (Murgahid & Hashem 1982) and genetic studies (Pla et al . 1991; Roldan et al . 1998) .
Presented here is the first large-scale natural hake population study based on microsatellite loci. European hake have been sampled on a macrogeographical scale and levels of genetic differentiation calculated. The aims of this study were to assess the level of variability provided by microsatellite markers in this species, and to determine whether any significant genetic differentiation could be detected in this highly fecund species with a pelagic egg stage within a marine environment.
Materials and methods

Sampling
Four hundred and eighty-three adult hake were caught during research vessel trawls in six geographically distant regions, Trondheimsfjord in Norway ( n = 91), the Celtic Sea ( n = 67), southern Bay of Biscay ( n = 100), offshore from Faro, Portugal ( n = 64), offshore from Tunisia ( n = 61) and the Adriatic Sea ( n = 100) (Fig. 1) . All Atlantic samples were collected in late autumn, outside the known spawning season. In the Mediterranean Sea, spawning seasons may be more protracted and some individuals may have been in spawning condition. Where possible replicate samples were collected. A small portion of gill was removed from freshly caught fish and stored in 99% ethanol at room temperature.
DNA extraction and microsatellite analysis
Prior to DNA extraction gills were washed in Millipore water and dried on tissue paper to remove excess ethanol. Whole-cell DNA was extracted by standard proteinase K digestion, phenol-chloroform extraction and DNA precipitation as outlined in Brown (1990) . DNA was resuspended in 200 µ L Tris-ethylenediaminetetraacetic acid (EDTA) (10 m m Tris, 1 m m EDTA, pH 8), quantified in a spectrophotometer and diluted to 10 ng/ µ L.
Six microsatellite loci were screened for variation, five of which were developed in hake, Mmer UEAHk3b, Mmer UEAHk9b, Mmer UEAHk20, Mmer UEAHk29 and Mmer UEAHk34b (Moran et al . 1999 ) and one, Mmer UEAW01, previously developed in whiting ( Merlangus merlangus ) (Rico et al . 1997) . A further two primer pairs were designed up-and downstream of those used to amplify loci Hk3b and Hk20 (P. Moran et al . unpublished) . Reamplification of all homozygous individuals at these loci, with the complimentary primer pairs, allowed detection of possible null alleles. Polymerase chain reaction (PCR) was conducted in 11 µ L reactions containing 1 µ L of template DNA, 1.1 µ m of each primer (one of which was fluorescein-labelled), 200 µ m of each dNTP, MgCl 2 (concentration given in Moran et al . (1999) ), 0.2 µ g bovine serum albumin (BSA), 1 × NH 4 , 0.50 units BioTaq (Bioline) and sterile water to volume. Amplification was performed in a 96-well Perkin-Elmer 9700 thermocycler as follows: an initial denaturing at 94 ° C for 2 min, then seven cycles of 94 ° C for 15 s, a locus-specific annealing temperature (Moran et al . 1999) for 20 s and 72 ° C for 15 s. Followed by 23 cycles of 89 ° C for 15 s, a locus-specific annealing temperature for 20 s and 72 ° C for 15 s. The products were then diluted with Dextran blue loading buffer mixed with internal size markers prior to electrophoresis in an ALF automated sequencer (Pharmcia) as described in van Oppen et al . (1997b) . Allele sizes were calculated using the software program fragment manager ™ version 1.2 (Pharmacia).
Data analysis
Allele frequencies, observed ( H O ) and expected ( H E ) heterozygosities were calculated using the computer program genepop 3.0 (Raymond & Rousset 1995) . This program was also used to test for linkage disequilibrium and departure from Hardy-Weinberg equilibrium by the Markov chain method (Guo & Thompson 1992) . All population pairwise comparisons, for all loci, were tested for heterogeneity of genotype distribution, in which the null hypothesis tested was that the genotype distribution was identical across all populations. For this genotypic differentiation analysis, genepop 3.0 calculates an unbiased estimation of the P -value of a log-likelihood (' G ') based exact test by the Markov chain method (Goudet 1995) . To correct for multiple simultaneous comparisons, sequential Bonferroni corrections were applied using a global significance level of 0.05 (Rice 1989) .
The extent of population subdivision between samples was investigated by calculating fixation indices based on an infinite allele model (IAM) (Kimura & Crow 1964 ) and a stepwise-mutation model (SMM) (Kimura & Ohta 1978) using nonparametric permutational procedures to test for significance. For the former, the computer program f-stat (Goudet 1995) was used to calculate Weir & Cockerham (1984) unbiased estimates of Wright (1951) F statistics ( θ , F and f ). For the latter, the computer program rstcalc was used to calculate rho ( ρ ), an estimator (Goodman 1997 ) of Slatkin's R ST (Slatkin 1995) in which differences in sample size and variance between loci are accounted for. The significance of genetic subdivision under the assumptions of both the IAM and SMM was assessed, using 1000 permutations and bootstraps for all loci and sample pairwise comparisons, rejection levels were adjusted as described above. Ninety-five per cent confidence intervals were assigned to estimates of θ and R ST .
In addition to estimating the extent of subdivision between samples, hake from different macrogeographical areas were also pooled into larger groupings of an Atlantic region (comprising Norwegian, Celtic Sea, Bay of Biscay and Portugese samples) and a Mediterranean region (comprising samples from the Adriatic Sea and Tunisia). Components of genetic variance were computed at three hierarchical levels, within sampling area ( F ST ), among populations within the Mediterranean Sea and within the Atlantic Ocean ( F SC ) and between the Mediterranean and the Atlantic ( F CT ) using arlequin 1.1 (Schneider et al . 1997 ). These values were tested for significant departure from zero using a 1000 permutational procedure of multilocus haplotypes.
Results
All populations were highly diverse genetically, with many alleles at each locus and high expected heterozygosities (Table 1 ). Significant heterozygote deficits were apparent for all loci ( P < 0.001) and all samples ( P < 0.001). This result could be evidence for null alleles due to mutations in the priming sequence. However, when individuals which had been previously classified as homozygous at loci Mmer Hk3b and Mmer Hk20 were re-amplified using the additional primer sets for these loci, all individuals remained classified as such. Additionally, no null/null homozygous individuals were detected. It was possible to genotype every individual for every locus. This suggests that null alleles, at least at these loci, are rare and are therefore not the major cause of the heterozygote deficits seen.
No consistent statistically significant linkage disequilibrium was found in 90 pairwise comparisons ( P < 0.05 for Fixation indices between sample pairs were significantly different from zero in most cases except for the Bay of Biscay and the Celtic Sea and for Tunis and Adriatic Sea samples (Table 2) . Over all loci and over all populations θ = 0.026, P < 0.001 (95% confidence interval (CI) 0.005 -0.067) and R ST = 0.051, P < 0.001 (95% CI 0.046-0.069). Fixation indices based on the SMM ( R ST ) were consistently higher than θ estimates.
Hierarchical analysis of molecular variance (Excoffier et al . 1992 ) revealed that 96.3% of the total variance was attributable to variation within sampling areas, 1.11% to variance among populations/within the Atlantic or Mediterranean regions and 2.85% to variance between the Atlantic Ocean and Mediterranean Sea (Table 3) .
Discussion
Atlantic and Mediterranean population subdivision
The higher levels of population subdivision between samples from the Mediterranean Sea and those from the Atlantic Sea appear to support the hypothesis that the Gibraltar Strait acts as a partial barrier to dispersal in this species (Roldan et al . 1998 ) and other species that have been studied using allozyme markers, e.g. the clupeoid fish Engraulis encrasicolus (Bembo et al. 1996) , flounders (Platichthys spp.) (Borsa et al. 1997 ) and the mussel species Mytilus galloprovincialis (Quesada et al. 1995) . Microsatellite markers have a higher likelihood of neutrality than allozyme markers (probably at least 90% of microsatellites are neutral) (Estoup et al. 1998) and hence this study further supports the conclusions of Roldan et al. (1998) as the differences found are unlikely to be due to environmental conditions between the two water bodies. In addition to present day restrictions to gene flow, over geological timescales the Mediterranean Sea has been completely separated from the Atlantic Ocean on a number of occasions. Colonization of the Mediterranean by Atlantic species is not thought to have occurred until the Pleistocene (Peres 1985) and since then dispersal between the two water bodies has been intermittently restricted during the Quaternary glaciations when lowered sea levels probably resulted in a narrowing or total closure of the Gibraltar Straits (Maldonado 1985) . For example, Bremer et al. (1995) found an average divergence of 3.8% between Mediterranean and Atlantic populations in the mtDNA control region of the swordfish (Xiphias gladius). This level of divergence was attributed to the isolation of the Mediterranean Sea and the Atlantic Ocean due to a drop in sea level during one of the Pleistocene glaciations. However, they recognize that the occurrence of one haplotype in both areas must reflect ongoing migration. Belloc (1929 , in Murgahid & Hashem 1982 and Soliman (1973 ( , in Jones 1974 ) considered hake in the Mediterranean to be a subspecies of Merluccius merluccius. Reviewing the taxonomy of the genus Merluccius, Franca (1962 , in Jones 1974 ) also concluded that hake in the Mediterranean formed a separate subspecies, M. merluccius mediterranus. However, this conclusion was based on morphological traits (vertebrae counts) which are probably affected by environmental conditions (Zupanovic & Jardas 1986) . Although fixation indices do indicate differences between hake in the Mediterranean and in the Atlantic, the presence of gene flow is indicated by the lower θ values for Mediterranean samples and Portugese samples compared with other Atlantic samples. Passive larval drift into the Mediterranean probably occurs with water currents which flow predominantly into the Mediterranean from the Atlantic during the same season as hake larvae are abundant in the region of the Gibraltar Strait (Roldan et al. 1998) .
Little work has been conducted to clarify the population structure of hake within the Mediterranean Sea. In regions that have been studied, no separation of populations has been found. For example, Levi et al. (1994) studied otoliths in the central Mediterranean Sea, Zupanovic & Jardas (1986) measured morphological characters in the Adriatic Sea and D 'Onghia et al. (1995) considered growth rates in the Ionian basin. In this present study neither allele frequency distributions, θ nor R ST values reflect any subdivision between Tunis and Adriatic Sea samples (Table 2) .
Atlantic population subdivision
As indicated from statistically different allele frequency distributions, and fixation indices, population substructuring of European hake within the Atlantic may be more complicated than assumed by the simple ICES division between northern and southern stocks. Using the IAM and the SMM (Table 2 ), significant differences were found between the Norwegian and Celtic samples; these have been considered to be one interbreeding population with a common spawning ground. Similarly small differences were found between samples from the southern Bay of Biscay and Faro, Portugal, which are also managed as one population unit. Conversely, both fixation indices revealed that samples from the southern Bay of Biscay were not significantly different from samples from the Celtic Sea although these two sites are managed separately. Interestingly, the number of migrants between the Bay of Biscay and the Celtic Sea calculated with the IAM was 62 individuals and with the SMM was 34 individuals. In addition, at least one locus revealed significantly different genotype distributions. These results suggest that migration between these fishing grounds is restricted and therefore relevant to fisheries management. However, until the temporal stability of this limited rate of migration between stocks from the southern Bay of Biscay and the Celtic Sea can be genetically demonstrated, caution should be taken in the management of these areas.
Departures from Hardy-Weinberg proportions
Deviations from Hardy-Weinberg genotypic expectations were found in this study, with a significant deficit of heterozygotes. Several explanations could be put forward for this finding. It is particularly important with microsatellite data to consider the possibility of the existence of undetectable alleles (e.g. Pemberton et al. 1995) . Reamplification of homozygous individuals, using different primer pairs, showed no evidence of nonamplifying alleles. In addition no null/null homozygotes were detected in any loci and for the whole sample set, suggesting that heterozygous deficits are not due to null alleles. However, it is not possible to conduct more conclusive parentage analysis with known breeding pairs from trawled hake samples, and thus it is more conservative to conclude that nonamplification of alleles may be occurring but probably at low levels.
Heterozygote deficits can be due to the existence of undetected breeding subunits within samples, the Wahlund effect. During a study of larval cod (Gadus morhua) Ruzzante et al. (1996) found heterozygote deficits when larval cohorts from one spawning site, sampled over a 3-week period, were pooled and assumed to be one population unit. No deficits were seen when these cohorts were analysed independently. This suggests that the entire aggregation originated from several distinct spawning events involving adults with heterogeneous allelic compositions. European hake eggs have been found to have a sticky consistency which may cause eggs from one spawning pair of adult fish to adhere together (Coombs & Mitchell 1982) . In addition to this, Cushing (1990) has suggested that in some cases an entire cohort of marine fish may be replaced by the offspring of a small minority of individuals who, by chance, happen to match their reproductive activity with environmental conditions conducive with survival. It is possible that within the region sampled, rather than the entire population range, each cohort of hake is genetically distinct from other cohorts and consists of closely related individuals which arose from a small number of egg masses and survived to recruit to the adult population. By analysing these individuals together an aspect of population subdivision may have been overlooked causing a deficit in heterozygotes. Ageing hake by the traditional method of using otoliths has proven to be exceptionally difficult (Casey & Pereiro 1995) . In this study it has not been possible to differentiate between cohorts of hake and the above explanation of heterozygote deficits remains to be demonstrated.
Assortative mating may cause deviations from HardyWeinberg expectations. Very little is known about hake mating systems, but, with completely indiscriminate mating being such a rarity in terrestrial environments, it seems at least possible that some mate choice occurs. Indeed, some highly fecund marine fish species, e.g. haddock and herring, have been shown to have quite elaborate courtships (Bone et al. 1995) . More recently it has been suggested that mate competition and mate choice in Atlantic cod (G. morhua) results in a small number of the total males gaining access to reproductive females (Hutchings et al. 1999) . In the absence of any behavioural study on hake breeding, the possibility of assortative mating remains open.
Mutation models
Fixation indices based on the SMM (R ST ) were generally higher than IAM (θ) estimates. The IAM makes the assumption that each mutation gives rise to a unique allelic state with no known relationship to other allelic states. Any similarity between samples is then attributable to a recent divergence from a common ancestor or due to migration. Because of evidence that most microsatellites generally mutate in a stepwise fashion (Goldstein & Pollock 1997 ; but see also Di Renzo et al. (1994) ) and therefore do not erase information about ancestral allelic states, IAM estimates using microsatellite data tend to overestimate genetic similarity and underestimate coalescence times. However, the performance of IAMs improves if populations have only recently diverged, as in this case genetic drift is the governing process creating differentiation and mutational events do not predominate. The generally higher values of R ST compared with θ estimates in this study suggest therefore that the population structure seen is not of very recent origin (c. tens to hundreds of generations) and that drift and restricted migration are perhaps not the only processes responsible for the genetic differentiation (Slatkin 1995) whereas mutational events probably account for most of the differentiation seen.
Sampling effects
Microsatellites often have a high mutation rate (≅ 10 −3 ) which results in a large number of alleles, and thus are ideally suited to examine the demographic or genetic structure of populations (Ruzzante 1998) . However, the large number of alleles suggest that in order to accurately reflect allele frequency distribution, a large number of individuals must be sampled. For example, Waples (1998) suggests that a sample size of 25 individuals, which is typical of many DNA studies of marine organisms may result in an upward bias in the F ST value. To assess the effect of sample sizes on the performance of seven genetic distance measures and two fixation indices at microsatellite loci, Ruzzante (1998) examined pairs of samples of various sizes drawn at random from a pool of 856 Atlantic cod individuals. This species typically shows a larger number of alleles per microsatellite locus compared with other marine organisms. He found that this bias could be minimized by ensuring that the sample size is larger than 50 individuals. In this study, samples sizes were greater than 50 individuals for all populations and thus the estimates of divergence obtained are probably accurate.
Additionally, because of stochastic processes in a finite population, fixation indices are expected to vary among loci. For this reason estimates of fixation indices using single locus data will have large confidence intervals associated with them. Most microsatellite studies of population structure use at least four loci (e.g. Bentzen et al. 1996; Garcia de Leon et al. 1997) . Including a larger number of loci is therefore also important. We have used six microsatellite loci in this study and thus the estimation of overall fixation indices should be adequate, as reflected by the 95% confidence limits obtained.
Population differentiation in marine environments
While microsatellite DNA studies have continued to accumulate in anadromous fisheries (e.g. Wenburg et al. 1998; Nielsen et al. 1999; Tessier & Bernatchez 1999) , there are still few studies utilizing these markers in marine fisheries. However, microsatellites exhibit attributes which make them particularly suitable as genetic markers in fisheries research. The high levels of allelic variation make this marker useful when examining population structure in marine species which frequently have displayed low levels of variation with allozyme or mtDNA markers (e.g. Mork et al. 1985; Carr et al. 1995) . For example, Ruzzante et al. (1998) found differences in northwest Atlantic cod (G. morhua) at continental shelf and spawning bank scales in geographically contiguous populations where other markers revealed limited or no differentiation within management units (e.g. Carr et al. 1995; Arnason & Palsson 1996) . Similarly, O'Connell et al. (1998) used microsatellites to demonstrate population structuring among Pacific herring (Clupea pallasi) from the Gulf of Alaska and the Bering Sea previously thought to be genetically homogeneous (Grant & Utter 1984) . This class of marker may also prove to be more discriminatory in recently derived or geographically proximate populations where genetic differentiation may be limited (Wright & Bentzen 1995) . Small levels of differentiation have been found in European sea bass (Dicentrarchus labrax) from adjacent marine gulfs within the Mediterranean Sea (Garcia de Leon et al. 1997 ). More recently, Shaw et al. (1999) reported significant genetic differences between stocks of Atlantic herring (C. harengus) from Norwegian coastal waters and the Barents Sea. As in the above examples, this study has also revealed population structure at macrogeographical scales in a marine fish with high dispersal capabilities, European hake. Additionally, in this study small, but significant genetic differentiation has been documented within management units in the Atlantic Ocean. Because of this potential for high resolution of population structure and because correct delimitation of stocks is so important for sustainable fisheries management, the use of microsatellite DNA markers should prove useful for future stock structure studies in oceanic environments.
Management implications
This study confirms the current management policy regarding the separation of populations of European hake in the Mediterranean Sea and the Atlantic. Differing ecological conditions and morphology of hake between the two water bodies have, in the past, justified this policy and more recently genetic studies are beginning to confirm this view (Pla et al. 1991; Roldan et al. 1998) .
The structuring of populations within the Atlantic appears to be more complicated than present management recognizes. However, data presented here represent only 1 year's sampling. More conclusive evidence of separate populations within present stock boundaries is necessary before considering changes in management policy. For example, it is necessary to ensure that patterns seen here are temporally stable, both annually and during spawning seasons when mature adults may migrate to common spawning sites which may be long distances from feeding grounds. Current work using annually collected samples should clarify this point. Patterns of differentiation that are consistent across time will be unlikely to be due to sampling artefacts (Waples 1998) . Sampling on microgeographical scales, revealing clearer boundaries between populations, may also provide more tangible information for application in management issues.
